Introduction {#Sec1}
============

Atherosclerosis, a chronic inflammatory cardiovascular disease, is the most common underlying cause of ischemic heart disease and stroke and carries a high mortality rate \[[@CR1]\]. Homocysteine (Hcy) is a sulfur-containing amino acid formed during the metabolism of methionine. Elevated levels of plasma Hcy result in a condition known as hyperhomocysteinemia (HHcy), which has long been suggested as an independent risk factor for atherosclerosis \[[@CR2], [@CR3]\]. T cells can release cytokines and cooperate with other immune cells, such as B cells and macrophages, to mediate HHcy-accelerated inflammation and atherosclerosis \[[@CR4], [@CR5]\]. The metabolic activation of immune cells plays a key role in the inflammation of atherosclerosis. However, there are almost no natural and effective molecular therapies targeting T cell immunometabolism for HHcy-accelerated atherosclerosis.

Shikonin (SKN), a naphthoquinone and the major phytochemical component isolated from the root of *Lithospermum erythrorhizon*, has long been shown to exert an anti-inflammatory effect \[[@CR6]\]. As a potent inhibitor of pyruvate kinase muscle isozyme 2 (PKM2), SKN induces tumor cell death by inhibiting the Warburg effect \[[@CR7]\]. Given that cell metabolism is closely related to immune cell activation, an accumulating number of studies suggest that SKN exerts an anti-inflammatory effect by modulating macrophage metabolism \[[@CR8], [@CR9]\]. However, the effects of SKN on T cell function and cellular metabolism and the subsequent consequence of these effects on crosstalk between T cells and macrophages remain unclear. In addition, metabolite profiling in cells can provide a picture of the cells' phenotype, assisting in elucidating the metabolic regulatory mechanism of an intervention. The potential of metabolomics of the Huh7 human hepatoma cell line treated with SKN has been investigated, increasing knowledge of the mechanisms involved in the antitumor activity of SKN \[[@CR10]\]. Considering the important regulatory role of metabolic programming in different cell types and T cell-mediated inflammation in atherosclerosis, the detailed alterations in the metabolites in T cells responding to SKN treatment using high-throughput metabolomics must be revealed.

A few studies have suggested the cardioprotective effects of SKN related to its anti-inflammatory capacity, but most of these investigations focused on cardiac function or blood vessel contraction \[[@CR6]\]. SKN was reported to inhibit tumor necrosis factor-α (TNF-α)-induced proliferation and invasion of rat vascular smooth muscle cells (VSMCs), indicating the potential antiatherosclerotic effect of SKN \[[@CR11]\]. The aim of the current study was to investigate the precise effects of SKN on HHcy-induced atherosclerosis and T cell inflammatory activation and reveal the metabolic mechanism involved in this process. These results identify SKN as a potential natural agent against atherosclerosis.

Materials and methods {#Sec2}
=====================

Materials {#Sec3}
---------

Hcy, SKN, oligomycin, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), rotenone (Rot), and antimycin A (Anti A) were obtained from Sigma Chemical Co. (St. Louis, MO, USA). RPMI-1640 medium was obtained from Gibco (Gaithersburg, MD, USA). Fetal bovine serum (FBS) was obtained from Gemini Bio-Products (West Sacramento, CA, USA). Brefeldin A was purchased from BioLegend (San Diego, CA, USA). Antibodies against eukaryotic translation initiation factor-5 (eIF5) and inducible nitric oxide synthase (iNOS) were obtained from Santa Cruz Biotechnology (CA, USA). An antibody against acetyl-CoA carboxylase 1 (ACC1) was obtained from Cell Signal Technology (Danvers, MA, USA). An antibody against F4/80 was purchased from Abcam (Cambridge, MA, USA). Antibodies against CD4, CD28, and interferon (IFN)-γ were purchased from BD Pharmingen (Franklin Lakes, NJ, USA). An antibody against β-actin was purchased from Easy Bio (Beijing, China).

Animals and treatment {#Sec4}
---------------------

Six-week-old pathogen-free female C57BL/6J mice and ApoE^−/−^ mice were provided by the Animal Center of Peking University Health Science Center (Beijing, China). The animals were randomized for treatment.

ApoE^−/−^ mice acclimatized to the laboratory for 7 days were randomly assigned to one of the four groups. These groups were a vehicle control group (CTL, solvent injection every 3 days), HHcy-induced atherosclerosis group (HHcy, solvent injection plus Hcy in drinking water for 2 weeks), only SKN-treated group (1.2 mg/kg SKN injection every 3 days), and SKN- and Hcy-treated group (SKN injection plus Hcy in drinking water). SKN was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 6 mg/mL and then diluted in phosphate-buffered saline (PBS) to a final concentration of 0.12 mg/mL for further injection. DMSO at dilutions similar to those of SKN was used as the solvent. Mice received a final injection volume of 1% of their body weight. ApoE^−/−^ mice were first intraperitoneally injected with 1.2 mg/kg SKN (Sigma Chemical Co., USA) or solvent one time. Three days after the first injection, the mice were administered 1.8 g/L Hcy (Sigma Chemical Co., USA) in their drinking water for 2 weeks. During this process, mice were continuously injected with SKN or solvent every 3 days. Serial sections of dissected aortic roots were used for oil red O staining, immunofluorescence staining, and immunohistochemical staining. Splenic CD4^+^ T cells were isolated from individual mice and ex vivo activated with anti-CD3 (1 μg/mL, BD Pharmingen, USA) for 24 h for further analysis.

All mice were anesthetized with isoflurane (2%) and euthanized by cervical dislocation. The protocol was approved by the Committee on the Ethics of Animal Experiments of the Health Science Center of Peking University. The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication, 8th Edition, 2011).

CD4^+^ T cell isolation and culture {#Sec5}
-----------------------------------

CD4^+^ T cells from mouse spleens were purified by positive selection according to the manufacturer's protocol (STEMCELL Technologies, Inc., Vancouver, BC, Canada) as we previously reported \[[@CR12]\]. Purified CD4^+^ T cells were suspended in RPMI-1640 medium (Gibco, USA) supplemented with 10% FBS and seeded in plates precoated with anti-CD3 antibody (1 μg/mL, BD Pharmingen, USA). Cells were incubated at 37 °C in a 5% CO~2~ incubator for the indicated times. SKN (0.05--0.25 μM) was added 30 min prior to the 24 h Hcy treatment.

Coculture experiments {#Sec6}
---------------------

The macrophages were isolated as described in our previous published paper \[[@CR13]\]. The main isolation steps were as follows: 6-week-old C57BL/6J female mice were injected intraperitoneally with 2 mL of 4% thioglycollate broth (BD Biosciences Clontech, CA, USA). Three days later, the mice were anesthetized with isoflurane (2%) and euthanized by cervical dislocation. Macrophages were obtained by peritoneal lavage with 8 mL of cold PBS supplemented with 10 mM EDTA and 10% FBS. Cells were plated in RPMI 1640 medium with 10% FBS. After incubation for 2 h at 37 °C, nonadherent cells were washed away, and adherent cells were cultured for another 12 h before further experiments. CD4^+^ T cells were pretreated with SKN (0.2 μM) for 30 min followed by stimulation with or without Hcy (100 μM) for 24 h in the presence of anti-CD3 antibody and then collected and resuspended in fresh RPMI-1640 medium with 10% FBS. Finally, the macrophages were cocultured with CD4^+^ T cells in fresh RPMI-1640 medium for the indicated times (12 h for mRNA analysis and 24 h for protein analysis). As macrophages are adherent cells and CD4^+^ T cells are suspended cells, we could specifically detect proteins or mRNAs from macrophages by washing away CD4^+^ T cells with PBS.

Mitochondrial respiration and cell glycolysis assays {#Sec7}
----------------------------------------------------

Oxygen consumption rate (OCR, in pmol/min) and extracellular acidification rate (ECAR, in mpH/min) of splenic CD4^+^ T cells were analyzed using a Seahorse XF-24 metabolic extracellular flux analyzer (Seahorse Bioscience, Billerica, MA, USA) as we previously reported \[[@CR12]\]. CD4^+^ T cells were first treated with the indicated reagents for 24 h and then harvested and resuspended in XF Base Medium (Seahorse Bioscience, USA) supplemented with 11 mM glucose, 1 mM pyruvate, and 2 mM glutamine. CD4^+^ T cells were then seeded at a density of 10^6^ cells/well in 24-well XF microplates coated with poly-*L*-lysine hydrobromide (Sigma Chemical Co., USA). After incubation in a CO~2~-free incubator at 37 °C for 1 h, basal metabolism and metabolism in response to mitochondrial inhibitors \[1 µM oligomycin, 1 µM FCCP, and 1 µM Rot+1 µM Anti A (Sigma Chemical Co., USA)\] were analyzed. The assay conditions were as follows: 3 min of mixing; a 2 min wait; and 3 min of measurement. Metabolic parameters were then calculated. OCR and ECAR were normalized to the cell number in each well.

Analysis of metabolites {#Sec8}
-----------------------

Water-soluble metabolites in CD4^+^ T cells (3 × 10^7^ per sample) were analyzed using liquid chromatography tandem mass spectrometry (LC-MS/MS) as we previously reported \[[@CR12]\]. After the indicated treatments, CD4^+^ T cells were harvested, washed with ice-cold saline, and then lysed in 1 mL of 80% methanol by freezing and thawing. The supernatants were collected and evaporated. The residues were dissolved in 120 μL of tri-distilled water prior to LC-MS/MS analysis.

Lipid analysis was performed as we previously reported \[[@CR12]\]. After the indicated treatments, CD4^+^ T cells (10^7^ per sample) were washed and homogenized in 100 μL of saline and then extracted with a solution of methanol and chloroform at a ratio of 1:2. The organic layer was isolated and dried. The residues were resuspended in a solution of isopropanol:acetonitrile (1:1) prior to LC-MS/MS analysis.

Metabolite abundance was normalized using internal standards and the cell number. MetaboAnalyst was used for heat map analysis.

PKM2 activity analysis {#Sec9}
----------------------

CD4^+^ T cells (5 × 10^6^ per sample) treated as indicated were washed and lysed in pyruvate kinase (PK) lysis buffer on ice for 30 min. The supernatant was collected and used for PKM2 activity analysis using a continuous assay coupled to lactate dehydrogenase (LDH) as previously reported \[[@CR14]\]. Two micrograms of cell lysate (0.2 μg/μL) was mixed with 190 μL of PK assay buffer (50 mM Tris (pH 7.5), 100 mM KCl, 5 mM MgCl~2~, 0.6 mM ADP, 0.5 mM phosphoenolpyruvate, 540 μM NADH, 200 μM fructose-1,6-bisphosphate, and 8 units LDH). PKM2 activity at 25 °C was calculated by monitoring changes in absorbance at 340 nm from 0 to 20 min using a Varioskan Flash Multimode Reader (Thermo Fisher Scientific, Waltham, MA, USA).

Quantitative reverse transcriptase PCR {#Sec10}
--------------------------------------

Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and reversed transcribed with a reverse transcription system (Promega, Madison, WI, USA). Then the reaction mixture was subjected to PCR. The primer sequences used for PCR analyses based on mouse genes were as follows: β-actin (forward, 5′-GTGACGTTGACATCCGTAAAG-3′; reverse, 5′-GCCGGACTCATCGTACTCC-3′), iNOS (forward, 5′-TGCATGGACCAGTATAAGGCA-3′; reverse, 5′-GCTTCTGGTCGATGTCATGAGCAA-3′), CD80 (forward, 5′-AAGTGGTGCTGTCTGTCATT-3′; reverse, 5′-TAATGGTGTGGTTGCGAGTC′), and CD86 (forward, 5′-ATGGGCTCGTATGATTGT-3′; reverse, 5′-CTTCTTAGGTTTCGGGTG-3′). The amount of PCR product formed in each cycle was evaluated by SYBR Green I fluorescence. Amplification reactions were performed using an Mx3000 Multiplex Quantitative PCR System (Stratagene, La Jolla, CA). The data were analyzed with the Stratagene Mx3000 software.

Western blot analysis {#Sec11}
---------------------

Total protein was collected in cell lysis buffer (Beyotime, Jiangsu, China) containing 1 mM phenylmethylsulfonyl fluoride, 10 μg/mL aprotinin, 10 μg/mL pepstatin A, and 10 μg/mL leupeptin.

Proteins were quantified by bicinchoninic acid protein assay (Pierce Biotechnology, Rockford, USA) and then separated by 8% or 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins on the blots were detected by special primary antibodies and the appropriate second antibodies. Images were obtained by an Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA).

Fluorescence-activated cell sorter {#Sec12}
----------------------------------

\(a\) Intracellular IFN-γ was detected as we previously reported \[[@CR12]\]. Cells treated as indicated were first incubated with brefeldin A (5 µg/mL, BioLegend, USA) for 5 h before cell harvesting and then fixed and permeabilized using eBioscience Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific, USA) before finally being blocked and stained with APC-IFN-γ antibody (clone XMG1.2; BD Pharmingen, USA). (b) Cell death was detected by propidium iodide (PI) staining (Invitrogen, USA). Splenic CD4^+^ T cells treated with SKN and Hcy were resuspended at 10^7^/mL, and PI was added to a final concentration of 1 μg/mL in a volume of 100 μL per assay. After incubation at room temperature for 10 min, the cells were washed and assessed as soon as possible. (c) Data were acquired by a FACSCalibur flow cytometer (BD Biosciences, USA) with the Cell QuestPro software (BD Bioscience, USA) and analyzed using the FlowJo software (Treestar, Ashland, OR, USA).

Morphometric analysis of atherosclerosis {#Sec13}
----------------------------------------

Atherosclerotic lesion size was measured as we previously reported \[[@CR15]\]. The aortic root was serially cross-sectioned at 7-μm intervals, and every other section was collected on glass slides. Six sections spaced 70 μm apart and thus spanning 350 μm of the aortic root were stained with oil red O to visualize lesion areas. The plaque areas were calculated using ImageJ 1.37v (Wayne Rasband, National Institutes of Health, USA). The mean lesion size is presented. Immunofluorescence staining was used to detect CD28-expressing CD4^+^ T cells and proinflammatory macrophages (iNOS- and F4/80-positive). Immunohistochemical staining was used to detect macrophages (F4/80-positive) in atherosclerotic plaques.

Analysis of plasma Hcy, triglyceride, and cholesterol levels {#Sec14}
------------------------------------------------------------

The total plasma Hcy level was quantified by enzymatic cycling assay as previously described \[[@CR16]\]. Plasma triglyceride and cholesterol levels were assayed using kits from Zhong Sheng Biotechnology (Beijing, China). Five microliters of plasma was mixed with the corresponding assay buffer at 37 °C for 10 min, and the absorbance was detected at 450 nm.

Statistical analysis {#Sec15}
--------------------

All experiments were randomized and blinded. All data are presented as mean ± SD. GraphPad Prism software was used for data analysis. The values were derived from a Gaussian distribution and tested by Shapiro--Wilk normality test. One-way analysis of variance followed by Tukey's test was used for multiple comparisons, and Student's unpaired *t* test was used for comparisons between two groups. *P* \< 0.05 indicated statistical significance.

Results {#Sec16}
=======

SKN attenuates the HHcy-induced CD4^+^ T cell and macrophage inflammatory response in atherosclerotic lesions in ApoE^−/−^ mice {#Sec17}
-------------------------------------------------------------------------------------------------------------------------------

We administered Hcy (1.8 g/L) in drinking water to ApoE^−/−^ mice for 2 weeks and intraperitoneally injected SKN (1.2 mg/kg) or solvent into the mice every 3 days (Fig. [S1a](#MOESM1){ref-type="media"}). Consistent with the results of our previous study, SKN had no effect on the plasma Hcy level, body weight, and plasma cholesterol and triglyceride levels but significantly inhibited HHcy-accelerated atherosclerotic lesion formation (Fig. [S1b--e](#MOESM1){ref-type="media"}) \[[@CR4]\]. To further investigate the effect of SKN on HHcy-accelerated atherosclerosis in ApoE^−/−^ mice, we detected the inflammatory cell components of the atherosclerotic plaques. CD28 signaling is necessary to fully activate T lymphocytes \[[@CR5], [@CR17]\]. Here we found many more CD4^+^ T cells accompanied by increased CD28 expression in the atherosclerotic lesions of HHcy-ApoE^−/−^ mice than in control mice; this increase was completely reduced by SKN treatment, as indicated by immunofluorescence staining (Fig. [1a](#Fig1){ref-type="fig"}). Immunohistochemistry staining showed an increased number of macrophages in the atherosclerotic plaques of HHcy-ApoE^−/−^ mice, and this effect was also reduced significantly by SKN injection (Fig. [1b](#Fig1){ref-type="fig"}). Further detection showed that SKN reduced the expression of HHcy-promoted proinflammatory macrophage marker iNOS in the atherosclerotic plaques of ApoE^−/−^ mice (Fig. [1c](#Fig1){ref-type="fig"}). These results indicate that SKN ameliorates HHcy-accelerated atherosclerosis in ApoE^−/−^ mice and reduces the CD4^+^ T cell and macrophage inflammatory response in lesions.Fig. 1SKN attenuates the HHcy-induced CD4^+^ T cell and macrophage inflammatory response in the atherosclerotic lesions of ApoE^−/−^ mice. HHcy was induced in ApoE^−/−^ mice by supplementing drinking water with Hcy (1.8 g/L) for 2 weeks. SKN (1.2 mg/kg) or solvent was intraperitoneally injected every 3 days. **a** Immunofluorescence staining for CD4 and CD28 in the plaques of aortic roots (*n* = 5 mice per group). **b** Macrophages (F4/80-positive) in the atherosclerotic plaques of aortic roots were detected by immunohistochemical staining. Quantification is shown in the right panel (*n* = 5 mice per group). **c** Immunofluorescence staining for F4/80 and iNOS in the plaques of aortic roots (*n* = 5 mice per group). The data are shown as mean ± SD. One-way ANOVA followed by Tukey's test was used for multiple comparisons. \**P* \< 0.05 compared with the CTL group; ^\#^*P* \< 0.05 compared with the HHcy group

SKN inhibits HHcy-induced CD4^+^ T cell IFN-γ secretion and subsequently reduces T cell-mediated proinflammatory macrophage polarization {#Sec18}
----------------------------------------------------------------------------------------------------------------------------------------

We showed above that CD4^+^ T cells and proinflammatory macrophages were increased in the atherosclerotic plaques of HHcy-ApoE^−/−^ mice and that this effect was reduced by SKN treatment. In addition, we previously demonstrated that HHcy increased IFN-γ levels in the atherosclerotic plaques of ApoE^−/−^ mice \[[@CR12]\]. Furthermore, IFN-γ was shown to mediate the polarization of macrophages to a proinflammatory state \[[@CR18]\]. SKN may inhibit vascular inflammation by regulating the crosstalk between T cells and macrophages. To verify this hypothesis, we first investigated the exact effects of SKN on HHcy-stimulated CD4^+^ T cells in vivo. SKN injection indeed successfully reduced HHcy-induced elevated PKM2 activity (by approximately 37.0%) and IFN-γ secretion (by approximately 87.4%) in CD4^+^ T cells (Fig. [2a, b](#Fig2){ref-type="fig"}). Following these experiments, we designed relevant ex vivo coculture experiments to further explore the effects of T cells in different experimental groups on macrophage polarization. First, macrophages were isolated from normal C57BL/6J mice and maintained in resting medium. At the same time, splenic CD4^+^ T cells isolated from HHcy-ApoE^−/−^ mice with or without SKN treatment were ex vivo activated with anti-CD3 for 24 h. Then we cultured these ex vivo activated CD4^+^ T cells with the normal macrophages in fresh medium and subsequently detected the macrophage phenotype 12 h later. After coculture with CD4^+^ T cells isolated from HHcy-ApoE^−/−^ mice, proinflammatory gene (iNOS, CD80, and CD86) expression in macrophages was increased, and this phenomenon was abolished in macrophages cocultured with CD4^+^ T cells isolated from SKN-injected HHcy-ApoE^−/−^ mice (Fig. [2c](#Fig2){ref-type="fig"}).Fig. 2SKN inhibits HHcy-induced IFN-γ secretion in CD4^+^ T cells and subsequently reduces T cell-mediated proinflammatory macrophage polarization. **a** Splenic CD4^+^ T cells isolated from CTL and HHcy mice treated with or without SKN (1.2 mg/kg) were stimulated with anti-CD3 (1 μg/mL) for 24 h ex vivo. PKM2 activity was measured (*n* = 6 mice per group). **b** IFN-γ in the supernatant of splenic CD4^+^ T cells treated as in **a** was detected by ELISA (*n* = 7 mice per group). **c** Splenic CD4^+^ T cells treated as in **a** were cocultured with normal macrophages in fresh medium for 12 h. The mRNA levels of iNOS, CD80, and CD86 were detected by RT-PCR (*n* = 7 mice per group). **d**--**h** Splenic CD4^+^ T cells were first treated with SKN (0.05--0.25 μM) for 30 min and then stimulated with or without Hcy (100 μM) for 24 h. PKM2 activity is shown in **d** (*n* = 5). Cell death was detected by PI staining (**e**) (*n* = 5). IFN-γ secretion was detected by ELISA (**f**) (*n* = 9) and FACS (**g**) (*n* = 5). After treatment with SKN (0.2 μM) and Hcy (100 μM) for 24 h, these splenic CD4^+^ T cells were then cocultured with normal macrophages in fresh medium for another 24 h. The protein level of iNOS in macrophages was detected by Western blotting (**h**) (*n* = 5). **i** Splenic CD4^+^ T cells were simulated with Hcy (100 μM) for 24 h and then cocultured with normal macrophages in fresh medium in the presence of IFN-γ-neutralizing antibodies for another 24 h. The protein level of iNOS in macrophages was detected by Western blotting (*n* = 5). The data are shown as mean ± SD. One-way ANOVA followed by Tukey's test was used for multiple comparisons. \**P* \< 0.05 compared with the CTL group; ^\#^*P* \< 0.05 compared with the HHcy or Hcy group

Similar results were also observed in corresponding in vitro experiments. First, CD4^+^ T cells were pretreated with a dose titration of SKN (0.05--0.25 μM) for 30 min, and these cells were then stimulated with or without Hcy (100 μM) for an additional 24 h to confirm the efficient inhibitory concentration. Both 0.2 and 0.25 μM SKN significantly inhibited Hcy-induced increased PKM2 activity (Fig. [2d](#Fig2){ref-type="fig"}), while the cell death of CD4^+^ T cells was not affected by SKN (Fig. [2e](#Fig2){ref-type="fig"}). SKN (0.2 μM) efficiently inhibited Hcy-induced CD4^+^ T cell IFN-γ secretion, as detected by enzyme-linked immunosorbent assay and FACS (Fig. [2f, g](#Fig2){ref-type="fig"}). Then we cocultured differently pretreated CD4^+^ T cells with normal macrophages in fresh medium for another 24 h. Coincubation with Hcy-simulated CD4^+^ T cells significantly increased the expression of the proinflammatory macrophage-associated protein iNOS by 53.3% in macrophages, which was reduced by 48.4% in macrophages cocultured with SKN-pretreated CD4^+^ T cells (Fig. [2h](#Fig2){ref-type="fig"}). Furthermore, Hcy-activated CD4^+^ T cell-induced proinflammatory macrophage polarization was reduced by IFN-γ neutralizing antibody, which confirmed that Hcy-activated CD4^+^ T cells mediate proinflammatory macrophage polarization by secreting IFN-γ (Fig. [2i](#Fig2){ref-type="fig"}). Therefore, these results indicate that SKN inhibits HHcy-induced CD4^+^ T cell inflammatory activation with decreased IFN-γ secretion, which leads to reduced proinflammatory macrophage polarization.

SKN inhibits HHcy-induced metabolic reprogramming in CD4^+^ T cells {#Sec19}
-------------------------------------------------------------------

PKM2-dependent metabolic reprogramming in CD4^+^ T cells is critical for HHcy-induced atherosclerosis in ApoE^−/−^ mice \[[@CR12]\]. Does SKN inhibit the HHcy-induced CD4^+^ T cell inflammatory response by modulating cellular metabolism in vivo? The detailed metabolic phenotypes of HHcy-stimulated CD4^+^ T cells in the presence or absence of SKN injection were examined by an extracellular metabolic flux analyzer. ECAR is an indicator of aerobic glycolysis, and OCR is an indicator of oxidative phosphorylation (OXPHOS). SKN injection (1.2 mg/kg every 3 days) reduced the elevated basal ECAR (from 20.3 ± 4.6 to 13.3 ± 3.3 mpH/min) and OCR (from 207.9 ± 29.1 to 135.9 ± 43.8 pmol/min) following 2 weeks of Hcy treatment, which indicated that SKN inhibits glycolytic and oxidative metabolism (Fig. [3a, b](#Fig3){ref-type="fig"}). SKN also inhibited the HHcy-induced elevated maximal ECAR, reflecting an SKN-induced reduction in the maximal glycolytic potential (Fig. [3a](#Fig3){ref-type="fig"}). In vitro experiments showed similar results and indicated that SKN pretreatment inhibited the Hcy-induced increase in ECAR and OCR (Fig. [3c, d](#Fig3){ref-type="fig"}). These data indicate that the inhibition of HHcy-induced CD4^+^ T cell metabolic reprogramming may be the key mechanism by which SKN exerts protective effects against HHcy-induced inflammatory activation.Fig. 3SKN inhibits HHcy-induced metabolic reprogramming in CD4^+^ T cells. **a**, **b** Splenic CD4^+^ T cells isolated from CTL and HHcy mice treated with or without SKN (1.2 mg/kg) were stimulated with anti-CD3 (1 μg/mL) for 24 h ex vivo. ECAR and OCR were detected by extracellular flux analysis (*n* = 5 mice per group). Rot rotenone, Anti A antimycin A. **c**, **d** Splenic CD4^+^ T cells were treated with or without SKN (0.2 μM) for 30 min and then stimulated with or without Hcy (100 μM) for 24 h. ECAR and OCR were detected by extracellular flux analysis (*n* = 5). The data are shown as mean ± SD. One-way ANOVA followed by Tukey's test was used for multiple comparisons. \**P* \< 0.05 compared with the CTL group; ^\#^*P* \< 0.05 compared with the HHcy or Hcy group

SKN inhibits Hcy-induced CD4^+^ T cell glucose metabolism {#Sec20}
---------------------------------------------------------

Detailed metabolic profiling can reveal key regulatory points in cells upon intervention. To further investigate the metabolic regulatory mechanism of SKN, we therefore examined various metabolite levels in Hcy-stimulated CD4^+^ T cells with or without SKN intervention in detail by the use of high-throughput LC-MS/MS. Consistent with the results of our previous study, Hcy stimulation led to the accumulation of upstream glycolytic intermediates (Fig. [4a, d](#Fig4){ref-type="fig"}), downstream tricarboxylic acid (TCA) cycle intermediates (Fig. [4b, d](#Fig4){ref-type="fig"}), and intermediates of the pentose phosphate pathway (Fig. [4c, d](#Fig4){ref-type="fig"}). The accumulation in all these intermediates was successfully inhibited by SKN pretreatment (Fig. [4a--d](#Fig4){ref-type="fig"}). These findings indicate that SKN inhibits Hcy-induced CD4^+^ T cell glucose metabolism.Fig. 4SKN inhibits Hcy-induced CD4^+^ T cell glucose metabolism. Splenic CD4^+^ T cells were treated with or without SKN (0.2 μM) for 30 min and then stimulated with or without Hcy (100 μM) in the presence of anti-CD3 (1 μg/mL) for 24 h, following which T cell lysates were extracted and analyzed using LC-MS/MS to determine the levels of cellular metabolites. Relative levels of glycolytic intermediates (**a**) and intermediates in the TCA cycle (**b**) and the pentose phosphate pathway (**c**) are shown. G6P glucose-6-phosphate, F6P fructose-6-phosphate, FBP fructose-1,6-bisphosphate, GADP glyceraldehyde-3-phosphate, PEP phosphoenolpyruvate, Ru5P ribulose-5-phosphate, R5P ribose-5-phosphate, Xylulose 5P xylulose-5-phosphate, Sedoheptulose 7P sedoheptulose-7-phosphate, Erythrose 4P erythrose-4-phosphate (*n* = 5). **d** Heat map showing relative levels of metabolites involved in glycolysis, the TCA cycle, and the pentose phosphate pathway (*n* = 5). The data are shown as mean ± SD. One-way ANOVA followed by Tukey's test was used for multiple comparisons. \**P* \< 0.05 compared with the CTL group; ^\#^*P* \< 0.05 compared with the Hcy group

SKN inhibits Hcy-induced activation of the glycolytic--lipogenic axis in CD4^+^ T cells {#Sec21}
---------------------------------------------------------------------------------------

Glucose metabolism provides carbon for de novo lipid synthesis via glycolysis and the TCA cycle \[[@CR19]\]. Here we further analyzed the effect of SKN on Hcy-activated lipid synthesis. Lipidomics showed that Hcy significantly increased the load of various lipids, including phosphatidylcholine (PC) (Fig. [5a, d](#Fig5){ref-type="fig"}), phosphatidylethanolamine (PE) (Fig. [5b, d](#Fig5){ref-type="fig"}), and sphingomyelin (SM) (Fig. [5c, d](#Fig5){ref-type="fig"}) in CD4^+^ T cells. The Hcy-induced increase in all these accumulated lipids was reversed completely by SKN treatment (Fig. [5a--d](#Fig5){ref-type="fig"}). In addition, the Hcy-induced increase in ACC1, a crucial enzyme for de novo lipid synthesis, was reduced by SKN pretreatment (Fig. [5e](#Fig5){ref-type="fig"}). Therefore, SKN inhibits Hcy-induced glycolytic--lipogenic axis activation in CD4^+^ T cells.Fig. 5SKN inhibits the Hcy-induced activation of the glycolytic-lipogenic axis in CD4^+^ T cells. Splenic CD4^+^ T cells were treated with or without SKN (0.2 μM) for 30 min and then stimulated with or without Hcy (100 μM) in the presence of anti-CD3 (1 μg/mL) for 24 h, following which T cell lysates were extracted and analyzed for cellular lipids using LC-MS/MS. Relative levels of the phospholipids PC (**a**), PE (**b**), and SM (**c**) are shown (*n* = 5). **d** Heat map showing an overview of lipidomic alterations (*n* = 5). **e** The protein level of ACC1 was detected by western blotting (*n* = 7). The data are shown as mean ± SD. One-way ANOVA followed by Tukey's test was used for multiple comparisons. \**P* \< 0.05 compared with the CTL group; ^\#^*P* \< 0.05 compared with the Hcy group

Figure [6](#Fig6){ref-type="fig"} shows a working model of the mechanism by which SKN ameliorates atherosclerosis by inhibiting CD4^+^ T cell metabolic activation. Hcy enhances glucose metabolism and the glycolytic--lipogenic axis in CD4^+^ T cells to promote IFN-γ secretion, which promotes macrophage proinflammatory polarization and finally accelerates atherosclerosis. Inhibition of PKM2 by SKN prevents these effects.Fig. 6A working model by which SKN ameliorates atherosclerosis by inhibiting CD4^+^ T cell metabolic activation. Hcy enhances glucose metabolism and the glycolytic--lipogenic axis in CD4^+^ T cells to promote IFN-γ secretion, which promotes macrophage proinflammatory polarization and finally accelerates atherosclerosis. Inhibition of PKM2 by SKN prevents these effects

Discussion {#Sec22}
==========

In the present study, we investigated the effects of SKN on atherosclerosis and associated T cell inflammatory activation and verified the potential metabolic regulatory mechanisms of SKN. For the first time, SKN was shown to ameliorate atherosclerosis in HHcy-ApoE^−/−^ mice and inhibited CD4^+^ T cell-associated inflammatory responses in atherosclerotic plaques. Mechanistically, SKN inhibited HHcy-induced CD4^+^ T cell IFN-γ secretion and the capacity HHcy to promote macrophage proinflammatory polarization by decreasing the HHcy-induced increase in glycolysis and OXPHOS. More importantly, metabolomics revealed that SKN inhibited intermediate glucose metabolites and also reduced the accumulation of lipids in Hcy-activated CD4^+^ T cells. These results indicate that SKN may be a promising natural therapeutic agent for the treatment of atherosclerosis, which might result from the anti-inflammatory effects of SKN by inhibiting CD4^+^ T cell metabolic activation (Fig. [6](#Fig6){ref-type="fig"}).

The precise regulatory effects of SKN in atherosclerosis have not been thoroughly investigated, although a few studies have suggested the cardioprotective effects of SKN. For example, SKN ameliorated isoproterenol-induced cardiac injury by decreasing myocardial fibrosis, suppressing inflammation, and attenuating apoptosis and endoplasmic reticulum stress \[[@CR20]\]. SKN was also shown to exert antithrombotic and antifibrinolytic effects by inhibiting the activity of plasminogen activator inhibitor-1, which is a key negative regulator of the fibrinolytic system \[[@CR21]\]. Regarding vascular function, SKN inhibited rat thoracic aortic relaxation in response to acetylcholine in a dose-dependent manner \[[@CR22]\]. Using an accelerated HHcy-induced atherosclerotic animal model, the present study is the first to show the protective effect of SKN on atherosclerosis via a reduction in CD4^+^ T cell inflammatory activation; these results pave the way to explore the therapeutic potential of SKN in inflammatory vascular diseases.

SKN and its derivatives exert anti-inflammatory effects via diverse cellular mechanisms of action, including the suppression of mast cell degranulation, inhibition of the respiratory bust in neutrophils, and downregulation of lipopolysaccharide-induced macrophage proinflammatory cytokine secretion \[[@CR6]\]. Recently, we demonstrated that SKN also suppresses HHcy-induced B cell proliferation and immunoglobulin production \[[@CR4]\]. Regarding T cell-associated diseases, SKN improved the macroscopic appearance and decreased cartilage destruction in established arthritis via reducing the expression of the T helper type 1 (Th1) cytokines TNF-α and interleukin (IL)-12 while simultaneously elevating the expression of the Th2 cytokines IL-10 and IL-4 \[[@CR23]\]. In asthmatic mice, SKN inhibited allergic reaction and airway hyperresponsiveness, and an in vitro study revealed that the protective effects of SKN might result from the reduced expression of the Th2 cytokines IL-4 and IL-5 \[[@CR24], [@CR25]\]. Thus SKN efficiently mediates T cell-associated diseases by inducing different cytokine profiles. The present study provides new evidence that SKN inhibits HHcy-induced CD4^+^ T cell IFN-γ secretion and sheds light on the mechanisms by which SKN ameliorates atherosclerosis in HHcy-ApoE^−/−^ mice.

Th1 plays an atherogenic role by secreting IFN-γ, which has pathogenic effects, including the upregulation of adhesion molecules, induction of proinflammatory cytokines, and enhanced activation of macrophages and endothelial cells \[[@CR26]\]. Based on preliminary data showing that SKN reduced IFN-γ gene expression in the aortas of HHcy-ApoE^−/−^ mice \[[@CR4]\], we found that SKN reduced the HHcy-induced increase in CD4^+^ T cells in atherosclerotic plaques and decreased splenic CD4^+^ T cell IFN-γ secretion. Hcy-activated T cells promote macrophage migration by secreting IFN-γ \[[@CR5]\]. The reduced number of macrophages in the atherosclerotic plaques of HHcy-ApoE^−/−^ mice might have resulted from suppressed T cell IFN-γ secretion. In addition, IFN-γ mediates the polarization of macrophages to a proinflammatory state \[[@CR18]\]. Therefore, SKN inhibits both splenic and vascular T cell inflammatory activation and might destroy T cell--macrophage inflammatory interactions, thus dampening the immune response and ameliorating atherosclerosis.

The crosstalk between pathways involved in the regulation of the immune and metabolic systems has become a research hotspot. Accumulating evidence has shown the critical role of metabolic pathways in regulating immune cell survival, proliferation, and effector functions \[[@CR27]\]. As a potent inhibitor of PKM2, SKN efficiently inhibits the Warburg effect in both tumor cells and immune cells \[[@CR7]\]. In addition, the potential of metabolomics in SKN-treated Huh7 human hepatoma cells has been investigated, the results of which improved knowledge on the mechanisms involved in the antitumor activity of SKN \[[@CR10]\]. Whether cellular metabolism is changed in SKN-treated primary immune cells is unclear. In this study, we carried out comprehensive metabolomic profiling of Hcy-activated CD4^+^ T cells in the presence or absence of SKN to reveal the potential metabolic mechanism by which SKN modulates CD4^+^ T cell inflammatory activation. SKN effectively inhibited glucose metabolism and reduced the accumulation of lipids in Hcy-activated CD4^+^ T cells. Glucose metabolism produces enough substrates to meet the bioenergetic and biosynthetic demands of T cell activation. The pentose phosphate pathway and de novo lipid synthesis are both critical shunts of glucose metabolism \[[@CR28]\]. In addition, ACC1 is a crucial enzyme for the de novo synthesis of lipids \[[@CR29]\]. SKN reversed Hcy-induced ACC1 upregulation. The critical role of the glycolytic--lipogenic axis in modulating T cell inflammatory activation was emphasized in our previous study \[[@CR12]\]. PC and PE are the major components of biomembranes; SM is a major component of lipid rafts and important for cell signaling transduction \[[@CR19], [@CR30]\]. The SKN-induced inhibition of de novo lipid synthesis might lead to reduced biomembrane synthesis and suppressed cell signaling transduction. Taken together, these results suggest that SKN inhibits glucose metabolism and suppresses related pathophysiological processes. This study is the first to elucidate the mechanism by which SKN regulates intracellular metabolism in T lymphocytes.

Metabolism in tumor cells results in a specific tumor microenvironment with limited nutrients and accumulated waste products, which in turn impacts T cell metabolism and functions, ultimately leading to tumorigenesis. Modulating the metabolism of T cells or tumor cells has been shown to be a promising method of tumor therapy \[[@CR31]\]. However, there have been few studies on potential strategies to target T cell metabolism in cardiovascular diseases, especially natural and herbal pharmacological intervention. Increased glucose flux has been reported in the atherosclerotic plaques of ApoE^−/−^ mice, indicating an association between immune cell metabolism and atherogenesis. A previous study showed that glucose transporter 1-deficient bone marrow transplantation prevented myelopoiesis and atherosclerosis in ApoE^−/−^ mice \[[@CR32]\]. A recent study demonstrated that PKM2 boosts IL-6 and IL-1β production in monocytes and macrophages from patients with atherosclerotic coronary artery disease \[[@CR33]\]. Our recent study demonstrated that HHcy promotes atherosclerosis in ApoE^−/−^ mice via PKM2-dependent CD4^+^ T cell inflammatory activation \[[@CR12]\]. These findings indicate that immune cell metabolism may be a potential target in cardiovascular diseases. However, all these studies are based on gene knockout mice. In the present study, we provide direct evidence that the phytochemical component SKN may be an effective cardiovascular therapeutic agent targeting CD4^+^ T cell metabolism. In addition, SKN can also modulate macrophages, B cells, and VSMCs, which together may contribute to ameliorating atherosclerosis in HHcy-ApoE^−/−^ mice in vivo \[[@CR4], [@CR8], [@CR22]\]. The systemic effects of SKN in vivo require further study in the future.

Collectively, our results suggest SKN as a promising therapeutic agent for the treatment of HHcy-accelerated atherosclerosis, which is at least partly associated with reduced CD4^+^ T cell inflammation mediated by suppression of the glycolytic--lipogenic axis. Because of the fundamental importance of immune cell metabolism in physiology and pathophysiology, the results of this study may have broad implications.
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